Cladding systems are conventionally designed to provide buildings with environmental protection against wind, temperature, humidity, moisture, etc. Recently, researchers have proposed to leverage these systems to provide additional protection against manmade (e.g., blast) and natural (e.g., earthquakes, hurricanes) hazards. This can be achieved, for example, by redesigning the connection between the cladding and the structural system to provide energy dissipation via friction. While promising, the use of flexible cladding connection has only been considered for singular hazards. In this study, the authors propose a novel semiactive damping system to connect the cladding to the structure via a variable friction mechanism. By varying the normal force applied on friction plates through a system of adjustable toggles, it is possible to mitigate vibrations over a wide frequency range, therefore enabling mitigation of different types of hazards (i.e. to achieve multi-hazard resistance). In its passive in-situ mode, the device is designed to provide very high stiffness and friction resistance to mitigate the effects of blast.
plate connection to dissipate earthquake energy. Previous research has also considered on passive energy 35 dissipation for blast loads. A significant amount of early research has focused on the use of sacrificial systems 36 composed of foam-based materials that are placed in locations that experience bearing during a blast event 37 [7, 8] . Though effective under certain blast conditions, these materials offer little potential for resisting mul-38 tiple hazards since they are not capable of dissipating energy for lower frequency loading. Few studies have 39 been performed to explore the use of damping devices rather than sacrificial crushing materials or devices 40 for blast applications. Among these studies are those by Amadio and Bedon [9] [10], who have recently 41 investigated the use of viscoelastic dampers at the lateral connection of blast-resistant curtain wall systems 42 to the structure. The results of these studies have shown that the viscoelastic dampers provide significant 43 reductions in the peak response of the curtain wall systems that were considered [9] . These reductions enable 44 both a lighter design of the curtain wall to meet the same level of blast resistance and a reduction of the 45 reactions transmitted to the structural system. 46 All of these examples of energy dissipation connectors are passive systems, whose mitigation capabilities 47 are limited over a relatively narrow performance bandwidth [11, 12, 13] , and are therefore limited to mitigat-48 ing single specific types of hazards. Alternatively, semi-active, hybrid, and active structural control solutions 49 can be used to tailor the performance of connection devices to a wider spectrum of loading demands and 50 frequencies. These high-performance control systems (HPCS) can perform over a wide excitation bandwidth 51 and are ideal for multi-hazard applications. Several examples of devices enabling HPCS are provided in the 52 referenced literature [14, 15, 16, 17, 18, 19 ] . 53 In this paper, the authors propose to a novel semi-active connector for cladding systems to provide 54 multi-hazard mitigation. The device is based on a variable friction mechanism which is placed at the lateral 55 connection interface between the cladding and the floor slab diaphragm. Semi-actively controlled friction 56 has gained popularity due to its high energy dissipation and low power requirement. The friction force is 57 generated by contact plates with specifically selected materials and controlled by an actuator, which can The force diagram of the proposed connection is illustrated in Fig. 2 . The actuator generates a con-87 trollable force f a to push or pull the toggles. Changes in the toggles' geometry provide the variation in the 88 friction force f t , resulting in a variable normal pressure σ p on the friction plates. The device can be used in 89 three different damping configurations: 90 1. Toggles are locked for daily operations (Fig. 2 (a) ). Both toggles are pushed vertically and provide 91 the maximum normal pressure σ p on the friction plates, thus locking of the device in a high friction 92 mode. This is the passive in-situ mode, because no power is required to maintain the toggles in the 93 locked position. The actuator remains in its position and acts as a stiff element. This high state of 94 friction is sufficient to avoid slippage of the connection during low-to-moderate loading, during which 95 the cladding system performs similar to any conventional cladding system with "rigid" connections to 96 the structure. The passive mode will also be designed for blast load mitigation such that the blast-97 induced reactions from the cladding panel will be higher than the connections static friction, resulting 98 in slippage of the connection and energy dissipation. No feedback control is required during blast. 99 2. Toggles are unlocked and allow variable friction via the actuator. The normal pressure σ p is varied 100 by the actuator force f a and the device behaves as a semi-active friction damper. This particular 101 configuration can be used to control interstory drift to limit damage to cladding (e.g. under extreme 102 wind or seismic events). is also passive, as no power input is necessary once the toggles are retracted. This configuration can 106 be used to limit acceleration transfer to floors as well as to reset the connections to their initial state 107 following their response to an extreme event.
108
In what follows, PBD procedures are developed for configuration 1 (toggles locked for daily operations).
109
While the proposed mitigation device is very specific, such PBD procedures could be modified and/or applied In this study, the blast load is simplified using a linear approximation for the positive phase and neglecting 148 the minimum pressure (σ min ≈ 0 and t blast = t d ). This idealized blast model is shown in Fig. 4 
where F m = A c σ max is the peak blast force, and A c is the area of the cladding. The blast impulse I is taken that the peak stress of structure could be reduced by 10% and 20% using 6 cm and 8 cm-thickness foamed 166 cladding, respectively.
167
The focus of this study is on the transfer of blast-induced reactions from the cladding to the structure, not 168 the blast resistant design of the cladding itself. The nonlinear response of the individual cladding panels to 169 the blast load will be incorporated in future iterations of this procedure. The current approach is conservative 170 with regard to its intended focus because it assumes that all blast-induced forces are transferred through 171 the cladding-to-structure connections with no potential energy absorption or dissipation provided by the 172 plastic response or partial damage (such as cracking or shallow spalling) of the cladding. mitigation bumpers is selected. In this model, the resistive force of the impact rubber F r is written:
where u r and u r,ult are the displacement and the ultimate compression capacity of the impact rubber, 181 respectively; k r and k r,y are the impact stiffness and the post-yield stiffness of the impact rubber, respectively; 182 n > 1 is the impact exponent; and c r is the impact rubber damping coefficient. The impact rubber stiffness 183 k r is taken as
where β is a strain rate-dependent coefficient, A r is the contact area of the impact rubber, and k r is the 185 stiffness of the material. The value 
Performance-Based Design Procedure

191
The proposed 3-step PBD procedure for the semi-active cladding connection system exposed to a blast 192 load is illustrated in Fig. 6 .
Step 1 determines the design performance criteria, which include the maximum 193 blast design pressure σ max along with its period t blast and the spacing l c between the cladding and structure.
194
The peak pressure and duration of blast can be obtained from the literature [40] based on the explosive proposed PBD procedure is conducted using an SDOF system, and design parameter values will be selected 206 from analytical solutions. It is assumed that the peak dynamic response of cladding panel to blast will occur 207 at the first quarter cycle, and the dynamics of the structure can be assumed negligible during the maximum 208 cladding response (i.e. there will be a delay between the maximum response of the cladding and that of σ so [55]:
where σ so is in kPa, W is in kg, and Z = R W 1 3
is the scaled distance with R is in m. The peak reflected
where C r is the reflection coefficient defined as [56, 46]
Lastly, the design peak blast force is taken as F m = A c σ max , and its associated period t blast (in ms) 
Typically, cladding panels are connected to the structure through hanger supports to resist gravity loads 235 and tieback connections to resist lateral loads. The lateral connections require a minimum spacing l c,min 236 between the cladding panel and the structure for their installation, and can be as high as 6 in (15 cm) for 237 prefabricated panels [57] . Allowances for rain drainage, mortar droppings, vapor diffusion, and fire/smoke 238 spread prevention need to be taken into account as well. Free drainage occurs if the airspace is greater than inch airspace is recommended to reduce the possibility that the mortar squeezes out into the air space during 242 brick laying and makes permanent contact with the structure. In this study, it is assumed that the cladding 243 is designed to avoid blowout under blast load; therefore, prefabricated cladding, which is generally more 244 robust for lateral loads, is considered. Preliminary design of the spacing l c needs to meet the aforementioned 245 requirements with no less than the minimum gap spacing l c,min . 
with the friction force F c is approximated using the Coulomb model:
where f c is the friction capacity of the cladding connection, and sgn is the sign or signum function:
Because only the first quarter cycle of the response is considered, F c = f c . Eq. 10 can be used to 254 characterize the dynamics of the cladding system before it collides with the impact rubber. Assuming that 255 the first quarter cycle response time T /4 t blast , Eq. 10 (a) is solved to find the initial conditions for 256 u c (t blast ) andu c (t blast ) which are needed to solve Eq. 10 (b).
257
The solution of Eq. 10 (a) can be derived by Duhamels integral,
where ξ, ω n and ω d are the damping ratio, natural frequency, and damped frequency of the cladding system, 259 respectively. The final solution after integration by parts is expressed:
and 261u
where 0 ≤ t ≤ t blast . The solutions of Eq. 14 at t = t blast are used as initial condition for Eq. 10 (b). Eq. 262 10 (b) can be solved using the summation of the homogenous solution and particular solution:
where t > t blast . Eq. 16 is used to find the maximum displacement, which occurs at time t 1 . Taking the 264 derivative of Eq. 16 equal to zero, and the result of t in first cycle can infer to the maximum u c , u c,max .
A dimensionless transfer function H 1 is then created to facilitate the design procedure:
where u st = Fm kc is the static displacement from a constant peak blast force F m .
267
The An impact rubber of length l r (Fig. 3 (a) ) is used to prevent the cladding system from colliding with the 274 structure.
Step 3 consists of sizing this rubber bumper. The design process starts with a second transfer
whereu rubber is the solution of the time derivative of Eq. 18 for t = t rubber , which represents the time of 277 impact with the impact bumper, I blast is the impulse of the initial blast and I structure is the momentum of 278 the cladding when it hits the rubber. The impact velocity of the cladding can be calculated using Eq. 18, 279 which in turn will be used calculating the maximum deformation of the rubber. To do so, the hysteresis of the impact rubber ( Fig. 5) can be compared to the hysteresis of a linear stiffness 286 element in the approaching phase. The impact rubber is approximated using
where F r is the damping force, k eq is the linear stiffness coefficient, and u r is the deformation of the impact 288 rubber. Assuming a periodic excitation, the response of the equivalent system is written:
whereū r is the amplitude of periodic excitation. To avoid the case of exceeding the ultimate compression where ξ r and ω dr are the modified damping ratio and damped frequency.
where u c (t rubber ) = l c − l r is the space between the cladding element and the impact rubber. Using the 308 analytical solution from Eq. 28 and the time of maximum deformation u r,max , a third transfer function H 3 309 is obtained:
where u st = Fm kc is the static deformation. Transfer function H 3 provides the deformation of the impact 311 rubber based on the design parameters selected under Steps 1 and 2, with the objective to obtain a rubber 312 deformation smaller than its design thickness l r . Otherwise, other design parameters need to be selected 313 and the PBD procedure be iterated, as explained earlier. Fig. 3 (a) . The dynamic properties of the structure and cladding 334 elements are listed in Table 1 , based on the properties provided in Reference [57] . 
A C C E P T E D M A N U S C R I P T
where u ∈ R 18×1 is the displacement vector, P ∈ R 12×1 is the blast loading input vector, F ∈ R 12×1 is the 337 control force vector including the friction force and rubber damping force, M ∈ R 18×18 , C ∈ R 18×18 , K ∈ 338 R 18×18 are the mass, damping, and stiffness matrices, respectively, and E p ∈ R 18×12 , and E f ∈ R 18×12 are 339 the blast loading and control input location matrices, respectively.
340
The state-space representation of Eq. (32) is given by
where I is an 18 × 18 identity matrix. Table 2 compares modal parameters between the values reported in [57] and the ones from the 18DOF 344 model. The first mode of the model matches the first mode of the six-story building, and the modal 345 participation factor Γ shows that the first mode largely dominates the response of the 18DOF representation.
343
A C C E P T E D M A N U S C R I P T
346
Two design blast loads are considered for this study. The first is based on a 500-kg mass of TNT (approximate 347 explosive mass in a closed van delivery method [52]) at a standoff distance of 25 m. This load will be used in Table 3 (values for the 100-kg charge will be provided 357 later in Section 5.4). The resulting values σ max are within a typical range σ cap as discussed in Section 3.2.
358
The pressure is taken as a constant between two half floors, resulting in the blast load equal for adjacent 359 connections (p 4 = p 5 in Fig. 8 , for instance). The six story structure is also modeled as 2DOF system by lumping the six structural mass elements m s 362 into a single mass (1DOF) and the six cladding mass elements m c into a single cladding element to obtain 363 a representation similar to the one schematized in Fig. 3 (b) . A structural damping ratio of 2% is assumed.
360
364
A simplified triangular blast load is used for the simulations (p(t)) using blast load parameters calculated 365 following the approach described in Section 4.1.1. The peak design blast load F m used in 2DOF system 366 is summation of blast peak load in 18DOF system. Note that this 2DOF system assumption is only used 367 for verifying the SDOF approximation and it does not necessarily represent the dynamic of 18DOF system.
368
The resulting parameters used for the numerical simulation are listed in Table 4 . Remark that a different 369 value for k c than the one used in Reference [57] to obtain a more compliant connection to improve energy 370 mitigation. 
371
A C C E P T E D M A N U S C R I P T
First, H 1 and H * 1 transfer functions are plotted as functions of the blast duration ratio t blast /T n for 379 different friction capacity ratios f c /F m in Fig. 9 (a) , over the range 0.1% to 3.0%. The performance metric 380H 1 is plotted in Fig. 9 (b) . The error in H 1 is larger for small ratios t blast /T n , and converges to 0 with 381 increasing t blast /T n . The magnitude of the error increases with increasing friction ratio. Generally, the error 382 is positive, which results in an over-estimation of the cladding displacement. The error is negative for a zero 383 friction ratio (f c /F m = 0%), because the blast energy will be transmitted to the structure (no dissipation) 384 and the model will underestimate cladding displacement due to the unmodeled displacement of the structure. rubber has smaller deformations (H 3 close to 0). As t blast /T n increases, the errorH 3 quickly decreases to 397 reach a negative value for a higher relative rubber stiffness or lower ratio k c /k r . 
Demonstration of PBD procedure 399
In this section, the proposed PBD procedure is demonstrated using the six-story structure shown in Fig.   400 8. Recall that, similar to Section 5.2, the 500-kg charge size is used to make this comparison. The dynamic 401 parameters of the cladding system and impact rubber, at each floor, are designed based on the PBD transfer 402 function results H i (i = 1, 2, 3) obtained in the previous section for an SDOF system.
403
Step 1: Performance Criteria
404
The design blast load parameters F m and t blast for each node are taken from Table 3 . The spacing l c at 405 each floor is set to 0.4 m for the preliminary design, based on the minimum requirements reviewed in Section The mass of each cladding panel m c is taken as fixed, as provided in Reference [57] . Using the H 1 plot 409 ( Fig. 9 (a) ) with the assumption of a cladding damping ratio ξ = 2%, a blast duration ratio t blast /T n = 3% 410 with a friction capacity ratio f c /F m = 1% yields H 1 = 0.081. This H 1 value is used to compute u c,max at each 411 floor using Equation 19. Table 5 lists the results for each node, as well as k c and c c to obtain t blast /T n = 3% 412 and ξ = 2%. With these design parameters, all of the nodes exceed the allowable deformation of 0.4 m, 413 necessitating design step 3 for appropriate sizing of the impact rubber. Step 3: Parameters of Impact Rubber
415
For simplicity, both the cladding-structure spacing l c = 0.4 m and the rubber thickness l r are assumed 416 constant throughout the height of the structure. The design of l r is based on the blast load at the first floor, 417 which represents the worst case scenario. An initial rubber thickness is selected taking (l c − l r )/u st = 1% 418 and yielding l r = 0.12m. The ultimate compression capacity is u r,ult = 0.8l r = 0.096m. The value H 2 = 0.96 419 is obtained from the H 2 plot (Fig. 10 (a) ) using the design parameters from Step 2 (t blast /T n = 3%, 420 f c /F m = 1%), which results in u c,max = 2.21m. This value is much higher than the cladding-structure 421 spacing l c . Therefore, H 3 must be obtained such that H 3 ≤ u r,ult /u st = 0.053. Using H 3 from Fig. 12 (a) , a 422 value of k c /k r = 0.001% would satisfy this requirement, with H 3 = 0.0025. The resulting maximum rubber 423 deflection is u r,max = 0.068 m. Since the maximum deformation of rubber u r,max is smaller than the rubber's 424 design thickness l r , the design is completed. A detailed design of the impact rubbers can be conducted using 
where ∆ t is the time interval used in the simulation, taken as 0.0001s. Fig. 16 is a plot of the maximum The performance of proposed connection ("controlled" case) at mitigating inter-story drift and accel-436 eration is also evaluated versus a cladding system attached with conventional connections ("uncontrolled" 437 case), where k c is assumed to be infinitely stiff and no lateral stiffness is provided by the cladding [57] . A Table 6 . blast load scenarios, the decrease of inter-story drift reduction from the first to the third floor are caused by 452 a reduced cladding stiffness and friction capacity (Table 5 ). Above the third floor, the performance increases 453 as the peak blast load magnitude rapidly decreases with increasing diagonal standoff. Comparing the overall 454 acceleration mitigation shows that the designed cladding system can provide significant improvement for 455 different severities of blast excitations. The high acceleration reduction is caused by the absorption of the 456 blast reaction at the cladding level.
A C C E P T E D M A N U S C R I P T
457
A C C E P T E D M A N U S C R I P T Explosive materials deliver large shock-wave pressures to nearby structures and can cause significant 459 damage in a very short duration. Typically, cladding systems for buildings are connected to the structure 460 using connections with very high stiffness, which provide direct transfer of blast-induced reactions to the 461 structural system. In this paper, a novel semi-active cladding connection is proposed for mitigating this 462 high-rate load transfer. Instead of simply providing rigid lateral support for cladding, this new mechanism 463 is an active participant in energy dissipation under blast load. A semi-active friction mechanism is used to 464 provide a variable damping force, and an impact rubber bumper is utilized to absorb pounding energy for 465 large connection displacements.
466
A performance-based procedure has been proposed for the design of this new cladding connection. It 467 contains three steps: (1) blast load design, (2) cladding and friction device design, and (3) impact rubber 468 design. Three dimensionless transfer functions were derived using an equivalent SDOF system. These func-469 tions allow rapid preliminary design of the cladding system and have been verified by numerical simulation 470 of the 2DOF system. Results show that the PBD procedure offers adequate design values with positive 471 performance metrics in most cases. It is computationally convenient and reasonably accurate to implement 472 the design value from the SDOF system for the MDOF system. Negative error values may arise in the design 473 of the rubber bumper for a limited range of scenarios, but this can be accommodated by recommending a 474 slightly larger design thickness value to provide additional safety.
475
Furthermore, the proposed cladding connection was designed and simulated in a six story structure as 476 an example for the proposed PBD procedure. A 18DOF system is used as a prototype, and the blast- 
